Understanding the patterns and causes of protein sequence evolution is a major challenge in evolutionary biology. One of the critical unresolved issues is the relative contribution of selection and genetic drift to the fixation of amino acid sequence differences between species. Molecular homoplasy, the independent evolution of the same amino acids at orthologous sites in different taxa, is one potential signature of selection; however, relatively little is known about its prevalence in eukaryotic proteomes. To quantify the extent and type of homoplasy among evolving proteins, we used phylogenetic methodology to analyze 8 genome-scale data matrices from clades of different evolutionary depths that span the eukaryotic tree of life. We found that the frequency of homoplastic amino acid substitutions in eukaryotic proteins was more than 2-fold higher than expected under neutral models of protein evolution. The overwhelming majority of homoplastic substitutions were parallelisms that involved the most frequently exchanged amino acids with similar physicochemical properties and that could be reached by a single-mutational step. We conclude that the role of homoplasy in shaping the protein record is much larger than generally assumed, and we suggest that its high frequency can be explained by both weak positive selection for certain substitutions and purifying selection that constrains substitutions to a small number of functionally equivalent amino acids.
Introduction
Since the proposal of the neutral theory of molecular evolution (Kimura 1968; King and Jukes 1969) , one of the central issues in molecular evolutionary biology has been the degree to which the divergence of protein sequences over time is governed by selection for advantageous mutations versus genetic drift. Many approaches have been taken to assess the fraction of amino acid substitutions that have been fixed by positive selection (Eyre-Walker 2006) . Analyses of polymorphism and divergence in Drosophila proteins have led to the conclusions that approximately half (Smith and Eyre-Walker 2002) to perhaps more than 90% (Sawyer et al. 2003 ) of all amino acid replacements have been fixed by positive selection. However, these results include wide confidence intervals, and much lower figures have been obtained for other taxa such as humans (The Chimpanzee Sequencing and Analysis Consortium 2005; Zhang and Li 2005) .
Furthermore, inferences of widespread positive selection have raised the issue of the relative magnitude of the selective effects of most individual fixed substitutions (Nei 2005) . Ample biochemical evidence (reviewed in DePristo et al. [2005] ) and population genetic data (Drake 2006) indicate that most substitutions at most sites are deleterious. For the remaining minority of sites where substitutions are nondeleterious, typical estimates suggest that the strength of selection fixing most substitutions is very weak, such that 1 , N e s , 10 (Eyre-Walker 2006; Sawyer et al. 2007) , where N e is the effective population size and s the selection coefficient, and could be regarded as nearly neutral. Therefore, the physicochemical significance of most amino acid substitutions and the role of positive selection in their fixation remain unclear.
One alternative potential signature of positive selection is the independent evolution of identical molecular character states (nucleotide or amino acid residues) in different branches of a phylogenetic tree that are not directly inherited from a common ancestor (Zhang and Kumar 1997; Zhang 2006; Jost et al. 2008) . Such homoplastic character states may be derived from different ancestral states (convergent changes), from the same ancestral character state (parallel changes), or via the reversal of a derived character state to the ancestral one (reverse or back changes) (Li 1997; Page and Holmes 1998) .
Homoplasy may arise due to the action of positive or balancing selection (Wells 1996) . Theoretical studies have suggested that the probability of parallel evolution under natural selection is nearly twice as large as that under neutrality (Orr 2005) . A variety of experimental studies have provided evidence that natural selection on the proteome can be manifested as homoplasy. For example, several experimental evolution studies examining the adaptations of viral populations on bacterial or eukaryotic hosts have uncovered striking examples of parallelism Hughes et al. 2001; Pinel-Galzi et al. 2007 ), convergence (Bull et al. 1997; Fares et al. 2001) , and reversal (Crill et al. 2000; Depristo et al. 2007) . One study which examined the adaptation of 2 closely related phages to laboratory culture conditions found that a remarkable 62% of all substitutions were parallel . Great numbers of parallel and convergent homoplastic substitutions have also been uncovered in genes belonging to the major histocompatibility complex (Yeager and Hughes 1999) .
Alternatively, molecular homoplasy may occur simply by chance, through the action of neutral evolutionary processes (Zhang and Kumar 1997) . Because sequence evolution is a stochastic process and each site has a finite number of possible states (4 for nucleotide and 20 for amino acid residues), it is ''expected'' that independent evolutionary lineages will occasionally acquire the same character states independently (Zhang and Kumar 1997) . Given time, homoplasy (and divergence) is expected to increase up to some level of saturation, which is determined by a variety of factors such as mutational bias (Smith JM and Smith NH 1996; Baer et al. 2007) , and rates of evolution (Felsenstein 1978; Pupko and Galtier 2002) .
There is, however, yet another potential cause of homoplasy that may be underappreciated, the action of purifying selection. In nucleic acids or proteins, the number of possible states may be frequently smaller than 4 or 20 and the frequency of homoplasy higher because certain sites may be constrained by purifying selection such that only a fraction of all possible residues are allowed, such as only those amino acids sharing the same physicochemical properties (Naylor et al. 1995) . For example, it has been argued that the hydrophobic nature of most mitochondrial proteins has effectively constrained the character state space of their second codon positions to 1 of 2 states, C or T (Naylor et al. 1995) . Homoplasy, then, can also be the result of substitution constraints imposed by purifying selection.
Beyond particular case studies and the expectation of homoplasy due to random chance, the actual levels of homoplasy among evolving proteins have not been well characterized. For example, in an experiment, very similar in design to the phage studies cited above, the evolution of 12 initially identical Escherichia coli populations for 20,000 generations under the same selective pressure produced very low levels of molecular homoplasy (Woods et al. 2006) . Thus, the results of case studies may not be the best basis for predicting and assessing the levels of molecular homoplasy expected in natural populations, for reasons including but not limited to the near identity of selective environments used in experimental studies, the strength and continuity of selection (Bull et al. 1997; Hughes 2007) , and the genome size and complexity of the organisms studied (Woods et al. 2006) .
Although molecular homoplasy has long been appreciated in evolution studies and much effort has been invested into understanding its causes and providing corrections for them (Felsenstein 2003) , relatively few studies have utilized homoplasy as a source of evidence about evolutionary hypotheses. For example, examination of patterns of amino acid variation at the Gpdh locus across Drosophila species identified 4 sites exhibiting such high levels of homoplasy that they accounted for approximately half of the substitutions ''observed'' (Wells 1996) . We too noted surprisingly high levels of homoplasy in an analysis of phylogenetic bushes (Rokas and Carroll 2006) , and studies examining noncoding and coding DNA have similarly revealed high levels of homoplasy (O'hUigin et al. 2002; Bazykin et al. 2007 ). For example, Bazykin et al. (2007) found an elevated rate of parallel nonsynonymous substitutions in the genomes of mammals, Drosophila, and yeasts. Importantly, the underlying causes of this excess homoplasy have been attributed to several different factors including differences in mutation rates (O'hUigin et al. 2002) , the action of purifying selection (Wells 1996; Rokas and Carroll 2006) , or the action of weak positive selection (Rokas and Carroll 2006; Bazykin et al. 2007) .
In this study, we revisit the questions of the prevalence and underlying causes of homoplasy using a different methodological framework. Specifically, we employed a phylogenetic approach to conduct a systematic survey of the occurrence of homoplasy across 8 clades of the tree of life. Given evolutionary trees for these 8 clades, we measured the extent of observed homoplasy on each clade and compared the observed values with the homoplasy expected based on simulation analyses of the same trees. We also measured the types of amino acid substitutions that generate homoplasy, using an index (evolutionary index [EI], Tang et al. 2004 ) that captures the evolutionary trends of amino acid exchangeability. We found that across these 8 clades protein sequences underwent more than twice as many homoplastic substitutions than was expected by neutral processes alone. The overwhelming majority of homoplastic amino acid substitutions were between amino acids with similar physicochemical properties. We suggest that these results are likely to be the evolutionary product of 2 different types of selection: weak positive selection for certain substitutions and purifying selection that constrains substitutions to a small number of functionally equivalent alternatives.
Materials and Methods

Data Matrix Generation
Data matrices from 8 representative clades of the eukaryotic tree of life were used to evaluate the observed and expected levels of homoplasy. Information about the clades and taxa is shown in table 1. All data matrices contained sequences from 4 taxa. The mammalian data matrix contained mitochondrial genes, whereas the other 7 data matrices contained nuclear genes. Two data matrices (Saccharomyces yeasts and land plants) were obtained from previously published studies (Rokas et al. 2003; Sanderson et al. 2003) . The orthologous genes for the Drosophila data matrix were obtained from Pollard et al. (2006) . Genes from the other 5 data matrices were retrieved from GenBank and genome databases. Orthologous genes were identified by using the reciprocal best Blast hit criterion (Koonin 2005) , and sequences were aligned using ClustalW (Thompson et al. 1994) . Areas of ambiguous alignment were removed using the Gblocks software (Castresana 2000) with the default settings. Specifically, all sites containing gaps were discarded and only blocks of alignment longer than 10 sites and that fit the following criteria of sequence conservation were retained: the ''minimum number of sequences for a conserved position'' and ''minimum number of sequences for a flank position'' parameters were set to larger than half the number of sequences in the alignment, and the ''maximum number of contiguous nonconserved positions'' parameter was set to 8.
Homoplasy Estimation Methodology
We estimated observed and expected homoplasy for all the data matrices using a modified version of a previously published methodology (Takezaki et al. 2004) (fig. 1) . Briefly, for a set of sequences from 4 taxa, 15 different amino acid configuration patterns were possible at each site: AAAA, ABBB, BABB, BBAB, BBBA, AABB, ABAB, ABBA, AABC, ABAC, ABCA, BAAC, BACA, BCAA, and ABCD, where A, B, C, and D correspond to different amino acid residues. By counting the number of sites that conform to each pattern and multiplying them by the minimum number of substitutions required to generate that pattern, we estimated the number of observed amino acid substitutions ( For example, examination of the mammalian data matrix showed that pattern AABB was displayed by the largest number of amino acid sites (49) thus providing support for a grouping of whales with hippopotamuses ( fig. 1B and C), a clade whose existence has been independently corroborated by multiple lines of phylogenetic evidence (Nikaido et al. 1999; Gatesy and O'Leary 2001) . Importantly, a large number of sites displayed the other 2 patterns, ABAB (27 sites) and ABBA (40 sites), respectively. In the absence of lineage sorting of ancestral polymorphisms, an unlikely explanation because the length of the internode in question is thought to be greater than the 2-3 Myr required for the resolution of typical ancestral polymorphisms (Takahata 1993) , these 2 alternative patterns can only be explained by homoplasy ( fig. 1B and C) . To reconcile the homoplastic ABBA and ABAB patterns with the mammalian phylogeny, a minimum of 2 substitutions was required; thus, the observed number of homoplastic substitutions is (27 þ 40) Â 2 5 134 ( fig. 1B and C) . Dividing the number of observed homoplastic substitutions (134) by the observed number of total substitutions (1,087) gives us the percentage of observed homoplastic substitutions in the data matrix (12.3%).
To calculate the homoplasy expected under neutral conditions, the best-fit model of amino acid evolution for each of the 8 data matrices was selected using ProtTest (Abascal et al. 2005) . Given the amino acid sequence alignment for each data matrix, model selection was performed by evaluating the fit of 12 different alternative models of amino acid evolution according to the Akaike information criterion (Abascal et al. 2005) . Models of amino acid evolution are typically derived by counting observed amino acid substitutions in large sequence databases, making allowance for multiple substitutions and the phylogeny of the species used (Whelan et al. 2001) . Because the history of the proteins in the sequence databases used to construct models have been shaped by the effects of both selection and mutational biases (Thorne 2007) , the simulation conditions may not be strictly neutral. Thus, levels of expected homoplasy may actually be overestimated with our approach.
Using the parameters obtained from ProtTest, the maximum likelihood phylogeny was generated using Phyml (Guindon and Gascuel 2003) . Importantly, the phylogenetic relationships for all data matrices used in this study are unambiguous and our analyses confirm the results of several previous studies. To test whether accurate knowledge is a prerequisite for our analyses, we also examined 2 data matrices in which the true topology is ambiguous, 1 from vertebrates (Takezaki et al. 2004 ) and 1 from Paenungulata mammals (Nishihara et al. 2005) , selecting as the ''correct'' topology the one that minimized the number of inferred homoplastic substitutions.
To calculate the expected average values for the 15 amino acid patterns under simulation, we generated 100 data sets of equal size as the original set using the amino acid evolution parameters and the maximum likelihood tree as inputs into the simulation software Evolver (part of the PAML software package, Yang 1997) . By calculating the number of expected homoplastic substitutions and dividing it by the number of expected total substitutions, we estimated the expected homoplasy for all the data matrices under study. For example, the expected homoplasy calculated from simulation analysis of the mammalian data matrix was 5% ( fig. 1C and D) . Thus, the fold difference between the observed homoplasy (12.3%) and that expected from simulation analysis (5%) was 2.5 (12.3/5.0%). Assessing the Relative Contribution of Convergence, Parallelism, and Reversal to Homoplasy Parallelisms, reversals, and convergences cannot be identified in 4-taxon data matrices. Thus, to assess the relative contribution of parallel, convergent, and reverse substitutions to homoplasy, we expanded 3 of the 10 four-taxon data matrices used in this study (Cetartiodactyl mammals, Saccharomyces yeasts, and Aspergillus filamentous ascomycetes) for which the species phylogenetic relationships are well supported (Nikaido et al. 1999; Rokas et al. 2003; Rokas and Galagan 2008) by adding sequence data from several additional species. Using the parsimony criterion, we counted all substitutions occurring in all parsimonyinformative sites that generated homoplasy via parallelisms, convergences, and reversals in these enlarged data matrices. All substitutions for which their state in the most immediate ancestor was ambiguous were ignored. In the rare cases where the same substitution contributed to 2 homoplastic types (e.g., a reversal and a parallelism), the substitution was counted as an equal split between the 2 types of events. Any potential differences in the relative contribution of parallel, convergent, and reverse substitutions to homoplasy across the 3 clades could be the consequence of differences in the shape of each topology or, alternatively, due to bias of the excess homoplastic events toward specific types of homoplasy. To discriminate between the 2 alternatives, we conducted simulation analyses on the 3 expanded data matrices. We counted all substitutions occurring in the first 1,000 parsimony-informative sites from each simulated data matrix that generated homoplasy via parallelisms, convergences, and reversals. For both simulation calculations as well as for the counting of types of homoplasy, we used the same methodologies as above. single-nucleotide mutational steps. Among these 190 amino acid interchanges, some can be achieved much more easily than others, the ease of substitution being largely dependent on the mutational distance (determined by the genetic code and mutational biases) and the physicochemical distance between amino acids (Yang et al. 1998; Tang et al. 2004) . To better understand which amino acid substitutions most commonly contribute to homoplasy, we employed the EI devised by Tang et al. (2004) to classify all parsimonyinformative patterns (AABB, ABAB, and ABBA) into 4 categories: 1) sites exhibiting the 12 most frequent single-mutational step amino acid substitutions (top12), 2) sites exhibiting the middle 51 most frequent single-mutational step substitutions (middle51), 3) sites exhibiting the 12 least frequent single-mutational step substitutions (bottom12), and 4) sites exhibiting the 115 amino acid substitutions requiring 2 or 3 mutational steps (multiple115). The EI was chosen because it has been shown to perform better than other measures such as PAM and Grantham's distance, and because its predictions hold well across genes and organisms (Tang et al. 2004 ).
Results
Data Matrices
The 8 data matrices that we assembled to measure the extent of homoplasy in molecular data sets included a wide range of gene numbers and amino acid sites (table 2) . The smallest set, the mitochondrial mammalian data matrix, was composed of just 12 genes and slightly more than 3,500 amino acid sites, whereas the largest sets were the metazoan and eukaryotic phyla data matrices containing 239 genes each and the 200-gene Aspergillus data matrix containing 99,204 amino acid sites (table 2). The percentages of variable and parsimony-informative sites also varied, ranging from 14% to 62% for variable sites and from 0.5% to 6.4% for parsimony-informative sites (table 2 
Levels of Observed and Excess Homoplasy
The observed, expected, and excess homoplasy values for the 8 data matrices are shown in table 3. Values of observed homoplasy ranged from 2.3% (for the land plant data matrix) to 12.3% (for the Cetartiodactyl mammalian data matrix), whereas the levels of expected homoplasy ranged from 0.9% to 5.0% for the same data matrices resulting in an excess homoplasy of 1.3-7.4% (table 3) . Thus, the observed homoplasy among all data sets was consistently 1.9-to 3.2-fold greater than expected from the simulation analyses (table 3) . Similar fold differences in homoplasy were observed in the data sets from clades whose phylogeny is ambiguous (Paenungulata mammals and vertebrates) (table 3) . Importantly, the excess homoplasy was not the resulter of a larger number of substitutions but the result of a specific increase of homoplastic substitutions. Comparison of the parsimony-informative substitutions that support the correct topology (i.e., examination of just the AABB sites in fig. 1 ) from both observed and expected sites across all data matrices reveals that the number of parsimony-informative substitutions in both cases are very similar (table 4) . Similarly, comparison of the observed and expected sites for the remaining 12 nonparsimony-informative patterns revealed very small disagreements (data not shown). Only in the case of the Paenungulata, data matrix was the excess of substitutions very large, whereas in the case of the land plant data matrix, the expected number of parsimony-informative substitutions was actually slightly larger than the observed number (table 4) . Examination of data sets from clades whose phylogeny is ambiguous revealed similar results (tables 1-5).
Lack of Correlation between Homoplasy and the Amount of Evolution
It is widely held that levels of homoplasy are positively correlated with the total amount of evolution (Kallersjo et al. 1999; Rogozin et al. 2008 ). In the case of evolutionary trees, the amount of evolution can be approximated by the tree's evolutionary distance (the sum of branch lengths), which is the product of the evolutionary time elapsed and the rates of substitution across the genes examined. Plotting the ratio of observed over excess homoplasy as a function of total tree length did not reveal a significant positive correlation ( fig. 2A) . Although total tree length may not be a good proxy, several phylogenetic studies have shown that a critical parameter in the generation of homoplasy is the ratio of the stem's length over that of the external branches (Felsenstein 1978; Gaut and Lewis 1995) . However, plotting the ratio of observed/expected homoplasy as a function of the stem/external branch length ratio also did not reveal a significant correlation ( fig. 2B) . Similarly, excess homoplasy was not correlated with the stem/external branch length ratio ( fig. 2C ), whereas observed homoplasy showed a very weak negative correlation with the stem/external branch length ratio ( fig. 2D ), which disappeared after the removal of a single outlier datum (data not shown). Therefore, the excess homoplasy we observed was independent from the amount of evolution or from the stem/external branch length ratio.
The Relative Contribution of Convergence, Parallelism, and Reversal to Homoplasy
The large number of homoplastic sites in these 4-taxon data sets presented the opportunity to assess which types of mutational events contributed to homoplasy. Because it was impossible to distinguish parallelisms from reversals and convergences in 4-taxon trees, we expanded 3 of the 10 data matrices by adding taxa. Previous experimental and simulation studies have indicated that parallelisms and reversals are much more frequent than convergences (Wells 1996; Zhang and Kumar 1997) . Examination of approximately 5,000 parsimony-informative sites across these 3 expanded and well-supported phylogenies revealed that the overwhelming majority (91%) of homoplastic substitutions were generated via parallel substitutions ( fig. 3) , with the remaining 9% generated by reversals. The contribution of convergent substitutions to homoplasy in these 3 data matrices was extremely small (10 out of a total of 2,316 events).
We noted that the relative contribution of each type of homoplastic event varied widely across the 3 data sets. For example, whereas 41% of homoplastic substitutions in the Saccharomyces yeasts were due to reversals, only 1% were due to reversals in Aspergillus filamentous ascomycetes ( fig. 3) . Examination of the fraction of parallelisms, reversals, and convergences observed with those expected from the simulation analyses for each of the 3 data matrices did not reveal any major differences, with the possible exception of the smaller than expected fraction of reversals and the larger than expected faction of parallelisms in the Aspergillus data matrix ( fig. 3) . Similarly, the expected fractions of homoplastic substitutions classified to different classes according to the EI (Tang et al. 2004) were very similar to the observed fractions ( fig. 3) . These results suggest that the relative contributions of each type of event to the overall levels of homoplasy largely depended on the shape of the topology and branch lengths of the clade studied.
Excess Homoplasy Is Largely due to Substitutions between Frequently Exchangeable Amino Acids
To determine if certain amino acid substitutions contribute more often to homoplasy, we first classified all sites that exhibited parsimony-informative patterns into 1 of 4 substitution groups according to the EI (Tang et al. 2004) (table 5) . We found that, on average, 43.4% of parsimony-informative sites exhibited substitutions belonging to the frequently exchangeable top12 category and 76% of sites involved substitutions from the top12 and middle51 categories combined, whereas just 0.6% of sites exhibited substitutions between the rarely exchangeable amino acids in the bottom12 category. The remaining 22.8% of sites exhibited substitutions between amino acids 2 or 3 mutational steps away that belong to the multiple115 category. We then examined the most common homoplastic amino acid substitutions in the 3 data matrices shown in figure 3 . Strikingly, 65% of homoplasies involved substitutions from just the top12 category and 96% of all homoplastic substitutions belonged to the top12 and middle51 categories ( fig. 3) . The finding that substitutions in the top12 category were more numerous than substitutions in all other categories combined demonstrates that a very large fraction of all homoplastic substitutions are between amino acids with very similar physicochemical properties that can be reached via a single-mutational step.
Discussion
Understanding the extent and causes of homoplasy is important for understanding the processes that have sculpted the protein record. We used phylogenetic methodology to quantify the extent and type of homoplasy present on the eukaryotic proteome. We found that the frequency of homoplastic amino acid substitutions in eukaryotic proteins was on average 2.4-fold higher than would be expected under widely accepted models of protein evolution. Remarkably, this ratio is relatively stable across clades that differ by more than an order of magnitude in time of origin. In light of the diversity of proteins and taxa sampled, this consistency suggests that the levels of homoplasy observed reflect fundamental and general aspects of protein evolution. Indeed, we found that the majority of these homoplastic substitutions were between frequently exchangeable amino acids that are only one mutational step away and that only an extremely small fraction of substitutions involved rarely exchangeable amino acids. These results bear on our understanding of the role of selection in shaping protein evolution and the biological significance of amino acid sequence differences between species.
The Underlying Causes of Molecular Homoplasy Two major explanations that have been proposed to account for the elevated levels of homoplasy are mutational rate differences (O'hUigin et al. 2002) and selection (Wells 1996; Bazykin et al. 2007) . For example, an examination of 51 primate loci revealed a weak positive correlation between the rate of substitution at individual genes and the FIG. 2.-Excess homoplasy is a general feature of the eukaryotic proteome. The lack of correlation between homoplasy and amount of evolution measurements indicate that excess homoplasy is a general feature of the eukaryotic proteome and is not dependent on the topology of the lineages examined or their age. (A) Total tree length plotted against the ratio of observed/expected homoplasy for the 10 data matrices, (B) the ratio of stem to external branch lengths plotted against the ratio of observed/expected homoplasy, (C) the ratio of stem/external branch lengths plotted against excess homoplasy, and (D) the ratio of stem/external branch lengths plotted against observed homoplasy. All graphs have been fitted with linear regression trend lines, but other regression types (e.g., power or logarithmic) give similar fits and results. degree of homoplasy, which argues for a mutation-based explanation of homoplasy (O'hUigin et al. 2002) . However, this trend did not hold for all loci (e.g., slowly evolving genes did not fit the pattern) and the inference rests on the assumption that substitution rates are a good proxy for mutation rates (O'hUigin et al. 2002) . Examination of our results from several different eukaryote clades revealed the opposite trend, with homoplasy actually decreasing slightly as the degree of substitution increased ( fig. 2) . The remarkably similar levels of excess homoplasy, examined in the light of orders-of-magnitude differences in mutation rates across the genes, and organisms used in this study (Baer et al. 2007 ) make it highly unlikely that mutational rate differences are the principal explanation of excess homoplasy.
There are substantial grounds for considering the role of 2 modes of selection, both ''positive'' and ''purifying'' selection, in the generation of homoplasy. Theoretical work suggests that the probability of parallel evolution approximately doubles under positive selection, relative to neutral expectations (Orr 2005) , and experimental work has identified several genetic loci in which positive selection has resulted in the parallel evolution of identical amino acid residues in different lineages (Bull et al. 1997; Yeager and Hughes 1999; Jost et al. 2008) . Support for the role of weak positive selection in generating excess homoplasy was obtained in a recent study of coding sequences from mammals, yeasts, and Drosophila (Bazykin et al. 2007 ).
Comparison of the rate of nonsynonymous (dN) to synonymous (dS) substitutions with that of nonsynonymous (C) An example of 2 homoplastic substitutions giving rise to a reversal in the Saccharomyces yeasts. Each phylogeny depicts the evolutionary history of an amino acid site, with branch colors corresponding to the amino acid residues present at each branch of the tree. (D) Classification of all homoplastic substitutions identified in the examination of the 3 clades shown in panels A-C according to phylogenetic criteria (parallel, reverse, or convergent) and their relative placement along the EI (Tang et al. 2004 ) (in the top12, middle51, bottom12, or in the multiple115 category). The observed (''%Obs'' column) and expected (''%Exp'' column) percentage of each type of homoplastic event is shown. The observed number of each type of homoplasy is also shown in parentheses.
parallel (dNP) to synonymous parallel (dSP) substitutions, revealed that the dNP/dSP ratio was approximately 5-fold higher than the dN/dS ratio (Bazykin et al. 2007) . By assuming that dSP and dS, the rate of synonymous parallel and synonymous substitutions, respectively, were good proxies for the rates of selectively neutral substitutions in the lineages examined, the elevated rates observed for dNP relative to dN could be attributed in part to the action of weak positive selection (Bazykin et al. 2007) .
But positive selection is not the only selective explanation for excess homoplasy. An alternative, but not mutually exclusive, explanation is raised by considering the effect of purifying selection. Purifying selection constrains the amino acid residues permitted at variable sites in protein sequences (Kimura 1983; Wells 1996; Naylor and Brown 1997; Bazykin et al. 2007 ). Some of the most common parallel substitutions in our data matrices involve amino acids with similar physicochemical properties, for example, valine and isoleucine (both hydrophobic and aliphatic) or aspartate and glutamate (both negatively charged and polar). For sites in protein sequences which can only accept amino acids with specific physicochemical properties, the substitution of one amino acid for its equivalent may be functionally neutral, whereas substitutions for all other, nonequivalent, amino acids will be deleterious. Thus, purifying selection on such sites makes the fixation of homoplastic substitutions more likely and frequent relative to other sites that tolerate a wider range of substitutions.
A large body of biophysical studies of protein structure and activity suggest that such constrained sites constitute a substantial fraction of all residues within and are widely dispersed throughout most proteins (reviewed in Pakula and Sauer [1989] ). Most phenotypically defective missense mutants do not affect protein activity directly but do so indirectly (Pakula and Sauer 1989) . Systematic replacement of amino acids within a variety of proteins has revealed that many mutations at many positions outside of active sites affect properties such as protein folding, stability, and aggregation (Pakula and Sauer 1989; DePristo et al. 2005) . These functional studies, and our observation of the bias for parallel replacement of physicochemically similar amino acids, suggest that strong selective constraints operate not only upon the most conserved parts of proteins but also upon their nonconserved parts as well.
The Functional and Biological Significance of Molecular Homoplasy
What is the functional meaning of this abundance of homoplasy in eukaryotic proteomes? Although several cases of conservative amino acid substitutions resulting in parallel adaptation have been identified (Stewart et al. 1987; Deeb et al. 2003; Zhang 2006) , it is highly unlikely that the majority of parallel amino acid substitutions observed in the protein record has been driven by large selection coefficients. Several recent population genetic studies of model organisms (mainly Drosophila) have estimated that a significant fraction of amino acid substitutions in protein-coding genes (Smith and Eyre-Walker 2002; Sawyer et al. 2003; Begun et al. 2007 ) has been driven by positive selection but that the magnitude of their selective effects is nearly neutral (Sawyer et al. 2007 ). This statistical inference is supported by some lines of experimental evidence. For example, Saccharomyces cerevisiae strains differing by a handful to even scores of amino acid substitutions in a variety of proteins exhibit no significant differences in fitness in the most sensitive assays devised to date (Williams BL, Carroll SB, in preparation). Thus, our finding that a large fraction of homoplastic substitutions are conservative is consistent with emerging statistical and experimental data and suggests that many of these substitutions are either functionally equivalent or have been driven by very small selection coefficients and are thus unlikely to contribute to adaptation.
Excess homoplasy and the contribution of different modes of selection to its generation bear important implications for studies in phylogenetics and molecular evolution. On the one hand, excess homoplasy raises novel statistical challenges with the analysis of molecular data because a general lack of correspondence between an underlying model and actual evolutionary processes can lead to the failure of a statistical methodology (Naylor and Brown 1998; Rokas and Carroll 2006) . On the other hand, the finding that the majority of homoplastic substitutions are conservative in nature signifies that, although statistically important, most of these homoplastic substitutions are not biologically meaningful in terms of shaping molecular function or organismal diversity (Nei 2005) .
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